Stimulated Brillouin scattering (SBS), an optical nonlinearity, limits the maximum optical power throughput of optical fiber transmission Systems. AS input power increases above what is known as the threshold power, the power that can be transmitted along the optical fiber reaches an upper limit. Any additional input power to the fiber Scatters in the backward direction due to interaction with acoustic phonons rather than propagating in the forward, launch direction as a higher power Signal. Thus SBS, as it is called, reduces the Signal to noise ratio at the receiver and can cause the transmitter to become unstable due to the entry of reflected light. Moreover, the increasing use of optical amplifiers, solid state Nd:YAG lasers, and external modu lation at ever increasing data rates over longer and longer distances all combine to exacerbate SBS in both digital and CATV applications. SBS is an interaction of optical photons with acoustic phonons of the glass matrix. Techniques Suggested in the literature to increase the threshold power, minimize the detrimental effects of SBS, and increase the power handling capacity of the fiber rely, e.g., on broadening either the photon energy Spectrum of the Source or the phonon energy Spectrum of the glass to reduce the efficiency of the inter action. One reported method proposes changing the refrac tive indeX profile along the length of the fiber (axial direction) by varying the background fluorine concentration.
Another proposes wrapping the fiber around a central rod to induce StreSS to change the energy distribution of acoustic phonons. Some disadvantages of changing the index of refraction along the axial direction of the fiber, and tight fiber wrapping, include undesirable changes in other fiber properties and increased fatigue which impacts fiber life time. Wada, et al, Suppression of Stimulated Brillouin Scat tering by intentionally induced periodical residual-strain in Single-mode optical fibers, in Proceedings of European Conference on Optical Comm. 1991, paper MoB1, propose applying draw tension to induce a periodical residual Strain along the fiber length that broadens the phonon energy distribution and reduces the SBS interaction. This reference discloses a step-index fiber having a SiO core and a F-SiO2 cladding. Because the F-doped cladding has a lower Viscosity, the draw tension is mainly applied to the core resulting in a deviation of the residual Strain as a for this type of fiber for optimized draw tension profile and reported maximum allowable draw tension variation.
SUMMARY OF THE INVENTION
Accordingly, the invention is directed to an optical fiber having increased power handling capacity, and to a fiber preform from which Such a fiber can be drawn, having a radially nonuniform coefficient of thermal expansion (CTE) and Viscosity profile, which imparts a permanent differential StreSS profile through the Visco-elastic and thermal-elastic properties of the resultant glass structure. In turn, the StreSS profile alters the local density to broaden the range of acoustic energies (or Velocities) which acts to Suppress SBS and increase the power handling capacity of the fiber. In addition, the invention relates to a method for producing Such fiber and preform, and to a method for enhancing the SBS Suppression effect of the permanent differential stress in the fiber.
Additional features and advantages of the invention will be set forth in the description which follows, and in part will be apparent from the description, or may be learned by practice of the invention. The objectives and other advan tages of the invention will be realized and attained by the apparatus and method particularly pointed out in the written description and claims hereof as well as the appended drawings.
To achieve these and other advantages and in accordance with the purpose of the invention, an embodiment of the invention describes an optical waveguide fiber having increased power handling capacity comprising a core having radially nonuniform CTE and viscosity profiles in a part of the core (hereinafter, the "doped region"), between the center and an outermost region of the core; and a cladding Surrounding the outermost region of the core. In an aspect of this embodiment, the part of the core having the radially nonuniform CTE and viscosity profiles includes immedi ately adjacent annuli of alternating higher and lower CTES and Viscosities provided by dopant layers of different com positions (i.e., providing differing mechanical structure).
The fiber has a substantially constant and/or uniform effec tive refractive indeX profile along its propagation axis (i.e., in the axial direction). In another aspect of this embodiment, annular regions (layers) consisting essentially of SiO2 doped with GeO, GeO+POs, or GeO+F, will exhibit a higher CTE and, in most cases, a lower Viscosity, than adjacent layers consisting essentially of SiO2 or SiO2+F. In a further aspect of this embodiment, the doped region is Substantially located at a radial distance from the center of the core where the value of the area-averaged optical power peak is a maximum, the peak being proportional to Erdr, where (E) represents the electric field, (r) is the radius of the fiber core, and (dr) is the differential radius.
In another embodiment, the invention describes a fiber precursor, referred to hereinafter as a (fiber) preform, from which an optical waveguide fiber having an increased power handling capacity can be drawn. The preform includes a core region having radially nonuniform CTE and Viscosity pro files in a part of the core region between the core center and an outermost region of the core (doped region), and a cladding composition Surrounding the Outermost region of the core.
In an aspect of this embodiment, the doped region includes immediately adjacent annular compositional layers of differing CTE's and viscosities provided by selected dopants. The preform has a Substantially constant and/or uniform effective refractive index profile in the axial direc US 6,542,683 B1 3 tion. As it is well known to those skilled in the art that the optical and compositional characteristics of a fiber mimic those characteristics of the preform from which it is drawn, the preform core region will likewise have layers of SiO, doped with GeO, GeO+POs, or GeO+F, alternating with layers of SiO or SiO2+F to provide the radially nonuniform profiles of CTE and viscosity. Although, in each of the embodiments described above, the core modifying dopants include phosphorous and fluorine, other dopants that provide a similar effect will be known to those skilled in the art.
Preferred layer compositions and dopant levels will be dictated by the desired interaction of the thermal-elastic and Visco-elastic-induced StreSS in the fiber. The resultant radial Strain, AL/L (where L=the thickness of a particular layer) at the interfaces of the alternating layers, should be at least >0.001, and preferably >0.002, and will be upper bound by the mechanical fatigue of the glass.
A further embodiment of the invention provides a method for making an optical waveguide fiber having increased power handling capacity, involving the Steps of providing a fiber preform having a core region with radially nonuniform CTE and viscosity profiles and a substantially uniform refractive indeX profile in an axial direction; heating an end of the preform to a temperature sufficient to draw fiber therefrom; and drawing fiber therefrom. In an aspect of this embodiment, the method includes applying either a uniform or nonuniform tensile force to the fiber as it is being drawn. The tensile force is in the range of about 25 to 200gm.
It is to be understood that both the foregoing general description and the following detailed description are exem plary and are intended to provide further explanation of the invention as claimed.
The accompanying drawings are included to provide a further understanding of the invention and are incorporated in and constitute a part of this Specification, illustrate embodiments of the invention and together with the descrip tion Serve to explain the principles of the invention. permanent, nonuniform residual StreSS in the fiber for reduc ing SBS. A method for making such a fiber and a fiber preform is also disclosed, as well as a method for enhancing the SBS Suppression effect in such a fiber as it is being drawn.
Reference will now be made in detail to the present preferred embodiments of the invention, examples of which are illustrated in the accompanying drawings.
Briefly, the continuous wave (CW) stimulated Brillouin Scattering threshold power, P., for optical fiber is defined by the expression: ( 1) where A is the effective core area, L=(1-e''P/C) is the effective length where L is the fiber length and C. is the optical attenuation, and g(v)=2 In"pf121/c.p.Vaval is the gain coefficient or peak value of the Brillouin gain Spectrum, n is the refractive indeX, p. is the elasto-optic coefficient, c is the Speed of light, p. is the material density, V is the acoustic velocity, v is the frequency shift of the backScattered Stokes light, and Av is the Brillouin spectral linewidth (typically around 35 MHz). Since the growth of the Scattered Stokes wave is exponentially dependent on the gain coefficient, and Since the gain coefficient is independent of the effective area, fiber length, and attenuation, it is a useful parameter to use to compare SBS in different fibers. MHz corresponds to a 26% difference in gain coefficient between a uniform tension fiber (e.g., B in Table I ) and a 25-160gm tension fiber (e.g., D in Table I ), compared to the measured value of 28%. fibers from Brillouin gain spectra, J. Applied Physics, 66 (9), pp. 4049-4052, (1989) ). If there is a range in the magnitude of the Strain, AL/L, as envisioned with layers of alternating mechanical properties, then there will be an effective broad ening of the Brillouin linewidth instead of merely a fre quency shift. AS Seen from Equation (1) above, the threshold power is directly proportional to the Brillouin spectra lin ewidth. Hence, a broadening from the linewidth from 35 MHz to 70 MHz will increase the threshold power by 2 times (3 dB). A residual strain of at least 0.001, and preferably >0.002 within the optical carrying cross-section of the fiber will achieve these results. For maximum benefit, we believe the strain should be distributed throughout the area-averaged optical power peak.
StreSS becomes introduced into the glass matrix during fiber processing. There is a thermal expansion mismatch (ACTE) after the glass is consolidated from the deposited Soot on the preform. If neighboring annular regions of material have different coefficients of thermal expansion, then they contract by different amounts as the glass cools down. The difference in volumetric compression, AV/V, results in stress via the bulk modulus of elasticity of the material. This in turn Sets up a radial Strain, AL/L, through out the core region of the waveguide. The magnitude of the Strain is proportional to the linear expansion coefficient and the temperature difference between the glass when it sets up and can Support StreSS, and room temperature. As the fiber is drawn down to its final diameter, it leaves the furnace and undergoes large temperature gradients and rapid cooling. This quenching freezes additional StreSS into the glass matrix. The magnitude of the StreSS is dependent on the draw speed and hence the cooling rate. An additional StreSS component comes from the fiber draw tension which is typically between about 25 to 200gm. If, e.g., the core glass has a higher Viscosity than the cladding, then it hardens and Sets up faster. It elastically carries the load of the draw tension until the cladding glass Sets up. Once the load is released, the cladding will force the core into a compres sional state. This is shown schematically in FIG. 3. A fiber with a SiO core and a fluorine-doped SiO cladding exhib its a more significant SBS effect from draw tension than a GeO+SiO core/SiO cladding fiber. Multiple annular lay ers of varying dopant compositions according to the inven tion will allow the higher Viscosity layers to Support the load of draw tension. Once the load is released, the inter-adjacent lower Viscosity layerS will be compressed. Hence, multiple layers of alternating mechanical Structure not only provide for reduced SBS under variable draw tension conditions, but also under a constant draw tension, which is a process that is easier to control.
In a preferred embodiment of the invention as shown in cross section in FIG. 1, an optical waveguide fiber 10 having an increased power handling capacity comprises a core region 12, typically germanosilicate or germano-alumina Silicate, a cladding region 14 Surrounding the core region 12, 7 and at least two immediately adjacent dopant layerS 16, 16, having different CTE and Viscosity values, respectively. Dopant layer 16 preferably has a higher CTE and a gen erally lower Viscosity, provided by a composition Selected from the group consisting essentially of SiO2+GeO2+POs, SiO+GeO+F, and SiO2+GeO; while dopant layer 16 preferably has a lower CTE and generally higher Viscosity provided by a composition Selected from the group consist ing essentially of SiO, and SiO2+F. These alternating dopant layers impart radially nonuniform Viscosity and thermal expansion profiles to the fiber in the doped region, which provide the fiber with a permanent, residual, nonuni form StreSS. The doped region is preferably located at a radial distance from the core center in the region of the area-averaged optical power peak; i.e., where Erdr) is a maximum, where (E) represents the electric field, (r) is the radius of the core, and (dr) is the differential radius. This is illustrated in FIG. 2 which shows a plot of viscosity (and CTE) as a function of fiber radius. Reference numeral 22 represents the area averaged electric field, E, and 16, rep resents regions of higher and lower Viscosity and/or thermal expansion.
The layers of different dopant compositions preferably will not affect the waveguiding properties of the fiber, achieved by careful choice of the dopants and the layer thicknesses. The dopants can be chosen Such that they change the thermal-elastic and Visco-elastic properties of the glass but have a minimal effect on the refractive index. Dopants are preferably Selected that change the base Silica refractive indeX in equal but opposite Signs. The layer thicknesses in the fiber should be less than the wavelength of light (nominally 1.5 um) and preferably in the range from about 0.05-0.5 lum. The interface between the alternating layers 16 and 16 will preferably have a residual Strain, AL/L, 20.002.
The Viscosity and CTE modifying dopant layers create a nonuniform radial StreSS profile, but do not modify the axial refractive index. Advantageously, the resultant StreSS profile broadens the energy spectrum at every croSS-Sectional loca tion along the fiber. Since optical properties do not change along the axial direction of the fiber, any length will have the SBS Suppression properties built-in. Thus, e.g., issues of fiber management, i.e., type and order within a transmission link, are reduced. Variable draw tension along the length of the fiber will also serve to enhance the SBS Suppression property.
During preform making, the glass Soot can be consoli dated on a pass by pass basis preferably using either the well known plasma (MCVD) or inside chemical vapor deposition processes which provide for Sintering of the glass during laydown. This reduces dopant inter-diffusion and provides that the dopant layerS remain mechanically distinct from their adjacent neighbors. Alternatively, the layers created in the glass preform before fiber draw down can be made thick. The thickness of the layers can be tailored such that the average radial refractive indeX profile meets a particular optical design although the local refractive indeX within the individual layers may be different. Thinner layers within the fiber also increase the residual Strain created by tension variations. Equation (1) During the fiber drawing process, fiber deformation cre ates a longitudinal Strain and corresponding StreSS along the pulling direction. The ratio of StreSS to Strain is referred to as the elastic modulus. If the croSS Sectional area, draw tension, Viscosity, and glass material modulus are uniform, the resultant stress will be uniform. However, in an embodiment of the invention as shown in FIG. 3, residual, permanent , tensile or compressive forces are set up in the doped region due to the nonuniform glass modulus, croSS Sectional area and/or Viscosity between the rings provided by the dopant layers. In Such a Viscosity mismatched fiber, the phonon energy spectrum becomes broadened and the SBS threshold power increases. The effect of the radially nonuniform viscosity profile on SBS Suppression is enhanced by the location of the doped region in the composite fiber Structure. The radial location most Sensitive to indeX perturbations is also most preferable for the location of the Viscosity-induced residual stress. As it is well understood by those skilled in the art, the refractive index profile of an optical fiber drawn from a preform mimics the refractive index profile of the precursor.
In another embodiment, the invention provides a method for making an optical fiber waveguide having an increased power handling capacity, comprising the Steps of making a fiber preform from which a cladded fiber can be drawn that includes a core region having radially nonuniform thermal expansion and Viscosity profiles, and heating the preform in a fiber drawing furnace and drawing fiber therefrom while applying a tensile force to the fiber as it is being drawn. Techniques for making preform and drawing optical fiber therefrom are well known to those skilled in the art and require no further discussion The effects of both uniform and nonuniform tensile forces can be seen from Table I which shows the gain coefficients for fibers drawn from the same blank for varied draw tension and cladding diameters. Uni form draw tensions of 25 gm, 90 gm and 160 gm, and variable tensions from 25 gm to 160gm are reported. Table   II shows the central frequency for 25gm (A),90gm (B) and 160 gm (C) tension dispersion shifted (DS) fiber. The difference in peak frequency between 25 gm and 160 gm is 47 MHz. Using a Brillouin linewidth of 35 MHz for a uniform draw tension fiber, an increase in linewidth to 47 MHz corresponds to a 26% difference in gain coefficient between a uniform tension fiber (e.g., B in Table I ) and a 25-160 gm tension fiber (e.g., D in Table I. It will be apparent to those skilled in the art that various modifications and variations can be made in the apparatus and method of the present invention without departing from the Spirit or Scope of the invention. Thus, it is intended that the present invention cover the modifications and variations of this invention provided they come within the scope of the appended claims and their equivalents.
We claim:
1. An optical waveguide fiber having increased power handling capacity, comprising: a core region including a doped region consisting essen tially of at least one first annular compositional layer having a CTE and a Viscosity that are Substantially uniform in an axial direction, and at least one Second annular compositional layer immediately adjacent Said first layer having a different CTE and a different Viscosity than Said first layer that are Substantially uniform in an axial direction, wherein each of Said first and second layers has a thickness of 0.05 um to 0.5 um; and a cladding region Surrounding an outermost part of Said core region, whereby the fiber exhibits a permanent radially nonuniform CTE and viscosity profile. 2. The fiber of claim 1 wherein said first and second layers form a continuous plurality of alternating first and Second layers in Said doped region.
3. An optical waveguide fiber having increased power handling capacity, comprising: a core region including a doped region consisting essen tially of at least one first annular compositional layer having a CTE and a Viscosity that are Substantially uniform in an axial direction, and at least one Second annular compositional layer immediately adjacent Said first layer having a different CTE and a different Viscosity than Said first layer that are Substantially uniform in an axial direction; and a cladding region Surrounding an outermost part of Said core region, whereby the fiber exhibits a permanent radially nonuniform CTE and viscosity profile, wherein Said doped region is Substantially located at a radial distance from the center of the core where an area averaged optical power peak, proportional to Erdr, has a maximum value, where (E) represents an electric field value, (r) is the radius of the core, and (dr) is the differential radius.
4. The fiber of claim 3 wherein the first layers have a higher CTE and a lower Viscosity than the Second layers.
5. An optical waveguide fiber having increased power handling capacity, comprising: a core region including a doped region consisting essen tially of at least one first annular compositional layer having a CTE and a Viscosity that are Substantially uniform in an axial direction, and at least one Second annular compositional layer immediately adjacent Said first layer having a different CTE and a different Viscosity than Said first layer that are Substantially uniform in an axial direction, wherein each of Said first and second layers has a thickness of 0.05 um to 0.5 um; and a cladding region Surrounding an outermost part of Said core region, whereby the fiber exhibits a permanent radially nonuniform CTE and viscosity profile, wherein the first layer is Selected from a group consisting essentially of: SiO2+GeO+POs, SiO2+GeO; and the Second layer is Selected from a group consisting essen tially of:
SiO2; and SiO2+F, and wherein the composition consisting essentially of SiO2+ GeO+POs consists essentially (in weight %) of (57-92) SiO, (8-40) GeO, and (0-3) P.O; the composition con sisting essentially of SiO2+GeO2+F consists essentially (in weight%) of (58-92) SiO, (8-40) GeO, and (0-2) F.; the composition consisting essentially of SiO2+GeO2 consists essentially (in weight%) of (60-92) SiO, and (8-40) GeO; and, the composition consisting essentially of SiO2+F con sists essentially (in weight 96) of (98-100) SiO, and (0-2) F.
6. An optical waveguide fiber having increased power handling capacity, comprising: a core region including a doped region consisting essen tially of at least one first annular compositional layer a cladding region Surrounding an Outermost part of Said core region, whereby the fiber exhibits a permanent radially nonuniform CTE and viscosity profile, wherein the first layer is Selected from a group consisting essentially of SiO2+GeO+POs, SiO2+GeO+F; and the Second layer is Selected from a group consisting essen tially of:
SiO2; and SiO2+F, wherein each of Said first and Second layerS is less than 0.5 um thick. 7. An optical waveguide fiber having increased power handling capacity, comprising: a core region including a doped region consisting essen tially of at least one first annular compositional layer having a CTE and a Viscosity that are Substantially uniform in an axial direction, and at least one Second annular compositional layer immediately adjacent Said first layer having a different CTE and a different Viscosity than Said first layer that are Substantially uniform in an axial direction, wherein each of Said first and second layers has a thickness of 0.05 um to 0.5 um; and a cladding region Surrounding an Outermost part of Said core region, whereby the fiber exhibits a permanent radially nonuniform CTE and viscosity profile having a residual strain, AL/L, of at least 0.001 at an interface of the first and Second layer. 8. The fiber of claim 7 having a residual strain, AL/L, greater than 0.002 at an interface of the first and second layer and less than a value exceeding a mechanical failure of the fiber.
9. An optical waveguide fiber having an increased power handling capacity, comprising: a core having both a radially nonuniform CTE profile and Viscosity profile in a part of Said core intermediate a center and an outermost region of the core, and a cladding Surrounding the outermost region of the core, wherein the radially nonuniform part of the core is located at a radial distance from the center of the core where an area-averaged optical power peak, propor tional to Erdr, has a maximum value, where (E) represents an electric field value, (r) is the radius of the core, and (dr) is the differential radius.
10. The fiber of claim 9 wherein the radially nonuniform part of the core includes at least one annular layer having a composition Selected from a group consisting essentially of:
SiO2+GeO+POs, SiO2+GeO+F; and SiO2+GeO; and at least one immediately adjacent annular layer having a composition Selected from a group consisting essentially of:
SiO2; and SiO2+F.
